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ABSTRACT 


The  photoelectric  work  functions  of  atomically  clean  surfaces 
of  three  planes  of  niobium  as  measured  by  the  Fowler  method  arej 
(ill),  U.665  (335),  (HO),  U.33  ev.  The  work  function  of  ion 

bctnbarded  surfaces  of  all  three  planes  is  U,09  ev.  The  sticking 
coefficent  for  oxygen  on  the  clean  surfaces  is  0.9  and  on  the  ion 
bombarded  surfaces  is  0.2  The  sticking  coefiicent  for  carbon 
monoxide  on  these  surfaces  was  found  to  be  at  least  an  order  of 
magnitude  lower  than  the  values  quoted  for  oxygen.  The  work 
function  of  ion  bombarded  surfaces  is  found  to  be  dependent  on  the 
extent  of  bombardment  for  bombardments  of  less  than  one  minute 
carried  out  at  0.20  ma/cm^.  A  work  function  of  about  U.7  ev  has 
been  observed  for  a  bombardment  of  20  seconds  on  the  (335)  face. 

Ion -bombardment  etching  effects  observed  on  the  three  planes  are 
similar  to  those  observed  on  germaniinn  and  silicon. 


WORK  FUKCTION  AM)  OXYGEN  ADSORPTION  PROPERTIES 


OF  NIOBIUM  CRISTAIS 


li  Introduction 

Niobium,  the  sister  element  to  tantalum,  has  been  used  in  rather 
small  quantities  mainly  as  an  alloying  ingredient  to  produce  except¬ 
ional  mechanical  or  high  temperature  properties  in  industrial  metals. 
Recently  there  has  been  srane  purely  scientific  interest  in  niobium 
because  of  its  exceptional  gettering  properties  (the  ability  to  absorb' 
active  gases)  and  low  tenperature  properties  (the  superconducting 
transition  temperature  is  9.25°K),  Element  1|1  or  niobium  has  atonic 
mass  92.91,  and  a  melting  point  of  about  2^00*^. 

There  are  two  rather  complete  review  articles  ;^ich  discuss  work 
function  measurements  and  their  interpretations.  An  article  by 
Michaelsonl  summarizes  the  then  (19^0)  known  values  of  the  work 
functions  of  the  elements,  and  attempts  to  correlate  the  periodic 
variation  of  the  work  functions  with  the  positions  of  the  elements 
in  the  periodic  table.  Other  physical  properties  (first  ionization 
potential  and  standard  electrode  potential)  which  show  a  periodicity 
with  atomic  number  are  also  considered.  An  article  by  Herring  and 
Nichols2  discusses  the  theoretical  problem  of  calculating  the  work 
function  and  the  variation  of  the  work  function  with  crystalline 
orientation.  Both  of  these  articles  are  hampered  by  a  lack  of  re¬ 
liable  values  of  work  functions.  Niobium  is  a  good  example.  The 
work  function  of  niobium  tcire  has  been  measured  thermionically.  3,4 
These  measurements,  apparently  made  under  the  best  conditions  available 
at  that  time,  suffer  from  several  draxirbacks.  The  measurements  were 
made  on  w’ire,  and  the  crystalline  planes  involved  were  not  known.  In 
each  case  the  cleaning  method  was  to  heat  in  as  good  a  vacuum  as  possible 
for  long  times.  In  the  light  of  recent  work  on  silicon  surfaces  and 
work  reported  in  this  article,  it  appears  that  the  technique  of  heating 
the  niobium  wire  immediately  after  bake  out,  employed  by  these  experi¬ 
menters,  resulted  in  considerable  surface  contamination  prior  to  attempted 
cleaning .5, 7  This  does  not  mean  that  these  values  should  be  discarded  but 
rather  it  should  be  emphasized  that  the  measurements  were  made  on  wire 
outgassed  for  long  times  under  rather  poor  vacuum  conditions. 

Studies  of  the  adsorption  properties  of  niobium  are  confined  almost 
entirely  to  high  pressure  experiments  in  which  there  was  no  attempt  to 
prepare  a  clean  surface 9  a  study  of  the  adsorption  of  CO,  CO2,  and  N2 
on  niobium  films  gives  some  information  on  multilayer  adsorption. 10 
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The  measurement  of  the  clean  surface  work  function  of  niobiiun 
is  therefore  by  itself  of  intrinsic  value  as  is  the  variation  of 
the  work  function  with  crystalline  orientation.  The  adsorption 
of  oxygen  was  studied  because  of  the  known  gettering  properties 
of  niobium  and  in  this  case  it  was  foimd  that  the  oxygen  adsorption 
properties  could  be  used  as  a  measure  of  the  surface  condition. 

In  this  work,  clean  surfaces  irere  prepared  using  the  ion  bom- 
bai’dment  and  annealing  method  of  cleaning,  ¥ork  function  measurements 
were  made  on  the  (ill),  (llO)  and  (33^)  planes  of  niobium  crystals 
both  on  the  clean  and  ion  bombarded  surfaces.  The  adsorption  character¬ 
istics  of  the  clean  and  ion  bombarded  surfaces  were  also  studied.  In 
addition  to  this  work,  which  was  the  primary  object  of  the  research, 
it  was  observed  that  the  work  function  of  ion  bombarded  surfaces 
depended  on  the  ext,ent  of  bombardment  for  bombardments  of  less  than 
one  minute  carried  out  at  0.20  ma/cm^.  This  effect,  which  has  not 
been  observed  before,  could  have  far  reaching  consequences  for  those 
researchers  xiiho  prepare  surfaces  by  short  bombardments  and  heatings  or 
by  short  bombardments  alone 

II,  Experimental  Apparatus  and  Conditions 

The  experimental  apparatus  used  in  this  experiment  is  similar  to 
that  used  by  others,  in  studying  photoelectric  properties  of  metals  and 
semiconductors. The  crystals,  after  preparation,  were  mounted  so 
that  they  could  be  cleaned  by  ion  bombardment,  heated  by  electron 
bombardment,  or  illuminated  by  a  monochromatic  bean  of  ultraviolet 
light  while  under  high  vacuum  conditions, 

1.  Vacuum  System 

A  diagram  of  the  vacuum  system  also  showing  the  crystal  mount, 
the  ion  and  electron  banbarding  arrangement,  and  the  collector  is  shown 
in  Fig,  1,  The  vacuum  qystem  utilized  a  mechanical  fore  pump,  three 
stage  oil  diffusion  pump.  Vac-ion  pump,  molybdenum  getters,  and  cold 
traps.  Gasses  were  admitted  to  the  system  by  means  of  a  controlled 
leak  which  consisted  of  a  metal  vacuum  value  betvxeen  the  gas  flask  and 
the  experimental  tube.  The  diffusion  pump  was  separated  from  the 
experimental  tube  and  fore  pump  , by  cold  traps.  Initial  pumping  was 
with  the  fore  pump,  and  after  a  reasonable  pressure  was  obtained  in 
the  fore  volume,  the  diffusion  pump  was  turned  on  and  a  mixture  of  diy 
ice  and  acetone  placed  on  the  traps.  The  experimental  tube,  ionization 
gauge,  and  getter  tube  were  baked  at  about  300°C  for  several  hours 
during  which  time  the  tubulation  external  to  the  oven  was  heated  with 
an  oxygen-gas  flame.  After  baking,  the  trap  beWeen  the  diffusion 
pump  and  the  main  system  was  lowered  to  allow  exhaustion  of  condensible 
vapors. 
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If  the  tube  had  been  open  for  more  than  a  few  days  prior  to  a  punq) 
down  the  getters  and  filaments  were  activated  at  this  time.  After 
several  hours  more  of  baking  the  dry  ice  and  acetone  trap  between 
the  diffusion  pump  and  the  experimental  tube  was  replaced  by  a 
liquid  nitrogen  trap.  The  ionization  gauge,  a  Westinghouse  ¥L 
^966,  and  the  bombarding  filaments  were  then  outgassed,  and  the 
getters  actived.  Measured  pressures  of  better  than  1  x  10“9  mm 
of  Hg  were  obtained  using  this  method.  An  indirect  method  of 
determining  the  active  gas  partial  pressure  indicated  that  the 
latter  was  less  than  1  x  10"^C)  mm  of  Hg. 


^ •  Heating  the  Crystal 

The  crystal  was  heated  by  electron  bombardment  from 
shielded  filaments  arranged  so  that  the  crystal  could  be  bombarded 
from  the  sides.  The  temperature  of  the  crystal  during  heating  was 
measOTed  with  an  optical  pyrometer.  The  pyrometer  readings  were 
corrected  using  an  amissivity  value  of  0.37^  and  adding  an  add¬ 
itional  l5°C  to  account  for  the  effect  of  observation  through  the 
Pyrex  walls. 


3.  Ion  Bombardment  of  the  Crystal 

Argon  for  bombardment  was  admitted  to  the  system  through 
the  freshly  activated  getter  tube  at  a  pressure  in  the  range  of 
1-10  X  10”^  mm  of  Hg.  One  of  the  ion  bcmbarding  filaments  was 
heated  and  several  hundred  volts  applied  between  the  two  filaments. 
The  discharge,  using  ^00  ev  ions  was  set  up  between  the  collector  and 
the  crystal.  During  bombardment  the  crystal  was  positioned  so  there 
was  no  direct  path  for  sputtered  material  from  the  filaments  to  the 
crystal.  After  the  initial  discharge,  the  bombarding  current  was 
itBihtairEdat  0.20  ma/cm^  by  varying  the  gas  pressure  and  the  ionizing 
current. 


li.  Photoelectric  Measureirents 


The  collector  cylinder  mounted  axially  along  the  tube  was 
fitted  with  a  door  xdrich  could  be  opened  to  allow  the  crystal  to  be 
moved  into  the  region  within  the  cylinder,  where  the  monochrcmatic 
beam  could  be  directed  or  closed  when  ion  bombardment  or  heating  was 
being  carried  out  thus  preventing  sputtered  or  evaporated  material 
from  falling  on  the  quartz  window.  The  photocurrent,  collected  at 
22  vdc,  was  measured  with  a  Cary  Model  31  vibrating  reed  electrometer. 


ultraviolet  source  consisted  of  a  Bausch  &  Lamb  grating 
monochrcmator  (600  lines/mm)  the  beam  from  which  was  directed  through 
the  quartz  window  onto  the  crystal  face  by  reflection  Irom  a  front 
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silvered  mirror.  The  beam  focused  at  the  crystal  face  was  about 
2x8  mm.  Fig.  2  shows  the  essential  elements  of  the  collector 
circuit  and  the  optical  system. 

The  optical  system  was  adjusted  prior  to  the  experiment 
and  after  these  initial  settings  of  slit  width,  slit  height, 
and  lamp  position,  the  only  adjustments  made  with  the  monochromator 
were  to  turn  it  on  at  least  one-half  hoirr  prior  to  any  measurements 
and  to  make  adjustments  in  the  position  of  the  beam  with  the  external 
mirror.  The  photocurrent  was  measured  for  the  various  lines  of  the 
mercury  spectrum  above  the  threshold  frequency.  The  relative  photo¬ 
electric  yield  of  the  lines  was  determined  by  dividing  the  measured 
photocurrent  by  relative  intensity  values  (the  total  energy  of  the 
bean)  for  the  various  frequencies.  Relative  intensity  measurements 
were  made  with  a  Golay  detector.  16,*  The  Golay  detector  measures 
the  total  energy  of  the  beam  directly.  These  measurements  were  later 
checked  using  an  ultraviolet  phosphor  and  photomultiplier  tube, 17 
The  beam  from  the  monochromator  was  directed  onto  the  phosphor  which 
in  turn  emits  a  blue  line,  the  number  of  photons  emited  by  the  phosphor 
being  proportional  to  the  number  of  photons  incident  from  the  mono¬ 
chromator,  The  phosphor  is  linear  over  the  range  of  wavelength  of 
interest  and  the  ait^jlification  of  the  photomultiplier  is  constant 
for  siifficiently  low  level  signals  so  that  the  current  in  the  last 
stage  of  the  photomultiplier  is  proportional  to  the  number  of  photons 
incident  on  the  phosphor.  With  the  appropriate  correction  for  wave 
length,  relative  intensity  measurements  could  be  made.  These  measure¬ 
ments  of  relative  intensity  were  found  in  good  agreement  with  measure¬ 
ments  taken  mth  the  Golay  detector. 

Mounting 

The  ciystals  vjere  mounted  by  simply  screwing  them  onto  a 
molybdenum  rod.  This  rod  had  been  outgassed  in  another  vacuum  system 
for  several  hours  at  lliOO°C  prior  to  assembly.  A  diagram  of  the 
mounting  arrangement  is  shown  in  Fig,  3. 

6.  Crystal  Preparation 

The  crystals  used  in  this  experiment  were  cut  from  single 
crystals  in  a  large  sanple  of  multicrystal  material  obtained  from  the 
DuPont  Chemical  Company.  The  orientation  of  the  (111),  (llO),  and 
(33^)  faces  as  determined  by  x-ray  back  reflection  photographs  was 
good  to  iTithin  two  degrees  of  the  desired  orientations.  The  final 
polishing,  after  preliminary  grinding  and  polishing  with  standard 
metallographic  polishes,  consisted  in  alternate  polishes  i^iith  ’’Shamva" 
on  wax  and  electropolishing.  The  electropolish  was  carried  out  at 

These  measurements  were  made  at  the  Eppley  Laboratories  in  Newport,  ' 
Rhode  Island. 


- 


about  20  volts  with  a  platintm  cathode  in  a  solution  of  17-parts 
sulphui’ic  acid  and  3-parts  hydrofluoric  acid.  Polishing  times  were 
less  than  a  minute  with  a  current  density  of  about  20  ma/cm^.  After 
this  treatment  the  crystals  were  placed  in  hot  distilled  water  for 
several  minutes, 

III,  Results  and  Discussion 

1,  Gleaning  Procedure 

The  technique  of  ion  bombardment  and  annealing  successfully 
applied  to  other  high  temperature  materials  was  used  to  produce  clean 
surfaces  of  niobium, Since  this  cleaning  technique  had  not  previously 
been  applied  to  niobium  it  was  necessary  to  determine  the  optimum  bom¬ 
bardment  time  and  heating  time  and  temperature. 

Initial  cleaning  of  the  first  crystal  (the  (ill)  orientation) 
started  with  a  l3  minute  bombardment.^  Then  the  crystal  was  outgased  by 
heating  for  in  excess  of  100  hours.  During  this  initial  outgassing  it 
ivas  necessary  to  start  heating  at  a  very  low  temperature,  about  100°C, 
othen^ise  the  amount  of  gas  evolved  was  sufficient  to  causes  large 
pressure  increases.  The  temperature  during  the  100  hours  of  outgassing 
was  slowly  raised  to  900°G  after  which  very  little  more  gas  was  evolved. 
After  reaching  900°G  the  temperature  was  increased  within  about  1  hour 
to  liiOO°C  without  appreciable  evolution  of  gas.  Since  it  was  assumed 
that  the  evolution  of  gas  was  accompanied  by  the  diffusion  of  contam¬ 
inants  from  the  bulk  to  the  surface,  ion  bombardments  were  introduced 
at  roughly  20  hour  intervals  during  the  outgassing. 

After  the  crystal  had  been  thoroughly  outgassed  it  was  possible 
to  determine  the  temperature  at  which  the  damage  introduced  by  the  ion 
bombardment  could  be  annealed  outj  this  temperature  turned  out  to  be 
900°C. 


Several  cycles  of  ion  bombardment  and  annealing  ^jere  necessary 
before  the  photoelectric  data  gave  consistent  work  function  values  and 
a  good  fit  to  the  Fowler  curve.  This  was  probably  due  to  continued 
diffusion  of  contamination  from  the  bulk  to  the  surface, 

A  preliminary  attempt  to  study  the  adsorption  of  oxygen  on 
this  crystal  presented  some  very  interesting  problems  that  influenced 
the  cleaning  procedure.  A  very  rough  estimate  of  the  sticking  coeffi¬ 
cient  for  oxygen  indicated  that  the  value  was  not  very  far  from  unity. 

The  sticking  coefficient  is  defined  as  the  ratio  of  the  number  of  atoms 
that  strike  a  surface  and  stick  to  the  nmber  that  strike.  Attempts  to 
rejuvenate  the  surface  after  ojcygen  exposure  by  heating  were  unsuccessful. 
Heating  the  ccoygen  covered  surface  for  J  hour  completely  eliminated  the 
photoemission.  Two  cycles  of  a  30  minute  bombardment  followed  by  a  g- 
hour  heating  were  needed  to  restore  any  emission  and  several  more  cycles 
of  shorter  bombardments  and  heatings  to  restore  the  original  work  function 
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values  and  a  good  fit  of  the  Fowler  curve.  Apparently  the  oxygen, 
with  heating,  does  not  completely  evaporate  but  at  least  some  diffuses 
into  the  crystal. 

Further  studies  of  the  effect  of  the  annealing  time  and 
temperature  shovred  that  the  work  function  values,  the  fit  of  the 
Fowler  curve,  and  oxygen  adsorption  characteristics  were  independent 
of  the  annealing  temperature  over  the  range  from  900^  to  ll;00°C  and 
of  the  annealing  time  from  1^  minutes  to  2  hours.  Whether  the  crystal 
was  allowed  to  radiation  cool  from  its  annealing  temperature  or  was 
broiight  down  slowly  over  a  hour  period  did  not  influence  the  results. 

These  preliminary  results  were  used  to  establish  a  cleaning 
procedure  for  the  remainder  of  the  experiment.  The  standard  cleaning 
cycle  consisted  of  a  1^  minute  ^00  ev  argon-ion  bombardment  at  0.20 
ma/cm^  and  an  annealing  for  hour  at  1000°C.  The  higher  value  of 
bombarding  current  was  chosen  because  of  the  fear  of  contamination 
from  oxygen  or  other  active  gases,  A  short  annealing  time  was  chosen 
to  minimize  the  time  between  the  preparation  of  the  clean  s^face  and 
the  oxygen  adsorption  or  work  function  measurement.  If  the  surface 
xras  exposed  to  oxygen,  2  cleaning  cycles  were  found  necessary  to 
completely  restore  the  clean  surface.  An  oxygen  covered  surface  was 
never  heated, 

2.  Work  Function  Measurements 

Work  function  measurenBnts  were  made  by  the  Fowler  photo¬ 
electric  technique.  In  the  measurement  of  work  functions  and  in  ad¬ 
sorption  studies  it  is  the  photoelectric  effect  near  the  threshold 
which  is  of  interest  and  the  Fowler  theory  not  only  gives  a  theoretical 
description  of  the  phenomenon  of  photoemission  near  the  threshold  but 
allows  presentation  of  the  photoelectric  data  in  a  convenient  form  for 
determining  the  xirork  function,^°  The  Fowler  theory  takes  account  of  the 
variation  xfith  terpe nature  of  the  energy  distribution  of  electrons  near 
the  energy  maximum  so  that  the  true  threshold  (the  threshold  at  absolute 
zero  of  teirperature)  and  work  function  can  be  measured  at  any  temperature. 
The  essential  problem  to  which  the  Fow’ler  theory  is  addressed  is  that  of 
calculating  the  number  of  electrons  ejected  from  a  surface at  a  tempera¬ 
ture  T  by  radiation  of  frequency  v  X'^hich  is  close  to  The  resxolt  of 

the  Fowler  theory  is  an  expression  for  the  photoelectric  cxorrent  density; 
this  expression  xnxitten  in  a  convenient  form  for  plotting  is 

log  (l/r2)  =  D  +  F(y) 

i«rhere  I  is  the  photoelectric  cxjrrent  density  (photoelectric  yield  per 
unit  light  intensity),  T  is  the  absolute  temperature,  D  is  a  constant, 
and  F(y)  is  a  universal  fxinction  which  is  the  same  for  all  metals  and 
for  all  ten^eratures,  A  graph  of  F^)  =  log  (I/T^)  -  D  versus  y  = 
h(  1)  =  vcJkT  is  the  Fowler  cxirve,  (The  Fowler  cxxrxre  is  shoxm  in  Fig.  U.). 
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Noxv,  if  the  obseived  values  of  the  photoelectric  yield  are  plotted 
in  the  form  log(l/'t2)  as  a  function  of  huAT  then  this  curve,  if 
shifted  horizontally  by  an  amount  hwo/l^  snd  vertically  by  an 
amount  D,  should  coincide  vjith  the  theoretical  curve.  The  amoxmt 
of  horizontal  shift  is  a  measure  of  the  work  function.  The  values- 
of  the  work  functions  of  the  three  planes  as  determined  by  fitting 
a  plot  of  log(l/T2)  versus  hu/kT  to  the  Fo-wler  curve  are:  (111), 

1;.66  evj  (no),  I|..33  evj  (335),  U.55  sv.  These  values  are  the 
average  of  5  or  more  values  for  each  planej  the  error  is  +  0.02  ev. 

The  fact  that  the  (111)  plane  has  a  higher  vrork  function  than 
that  of  the  (llO)  plane  differs  frcm  the  results  previously  reported 
for  tungsten. 21, 22  For  tungsten,  which  has  the  same  structure  (body- 
centered-cubic) ,  as  niobium,  the  (llO)  plane  had  the  higher  work 
function.  Although  the  xTOrk  function  of  niobixm  has  not  been  measured 
in  the  field  emission  microscope,  field  electron  microscope  patterns 
from  niobixim  indicate  that  like  tungsten  and  molybdenum  the  (110)  plane 
is  a  high  work  fxmction  plane .23  The  orientations  of  our  samoTes  after 
removal  from  the  system  wei^  checked  again  to  assure  that  no  recrystall¬ 
ization  had  taken  place  so  that  it  is  felt  that  the  values  quoted  here 
are  the  correct  ones  for  these  faces, 

A  typical  plot  of  the  photoelectric  data  fitted  to  the  Fowler 
curve  is  shoim  in  Fig,  U,  The  values  of  I  are  found  by  dividing  the 
photociurent  for  a  particular  spectrm  line  by  the  relative  intensity 
(relative  to  the  other  lines)  of  that  line.  The  points  on  the  curve 
are  found  by  plotting  log  (I/T"^)  for  each  of  the  lines  of  the  spectrum 
as  a  function  of  the  values  of  hv/kT  for  the  various  lines.  The  xvork 
fxmction  is  kT  times  the  value  of  hv/kT  which  coincides  with  zero  on 
the  Fowler  curve.  The  data  shoxm  in  Fig.  I|.  are  fran  the  (335)  plane. 

The  xvork  function  on  ion  bombarded  sxxrfaces  of  all  planes  vjas  the 
same,  li,09  ev.  This  value  is  the  average  of  more  than  12  different 
values,  Ij.  fron  each  plane.  The  error  is  +  0.02  ev. 

3.  Oxygen  Adsorption  on  Clean  Sxjrfaces 


The  effect  of  room  temperature  oxygen  adsorption  on  the 
clean  surfaces  of  all  three  faces  x-jas  the  same  and  resulted  in  work 
function  increases  of  several  tenths  of  an  ev.  The  sticking  coefficient 
for  oxygen  Xiias  found  to  be  0.9.  There  are  two  problems  encountered  in 
attempting  to  measure  the  sticking  coefficient.  First,  there  is  the 
problem  of  measuring  the  amount  of  expos-ure  to  a  particular  adsorbate. 
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and  second,  there  is  the  problem  of  determining  when  a  monolayer  of 
coverage  has  been  achieved.  In  the  case  of  oxygen,  the  ionization 
ganage  not  only  does  not  measure  the  true  pressure  of  oxygen  but 
converts  some  of  the  oxygen  to  caibon  monoxide. Appropriate  corr¬ 
ections  to  the  gauge  readings  were  made  to  determine  tjae  actual 
oxygen  pressure  (gauge  reading  was  muliplied  by  2.,5).'^  The  effects 
of  the  formation  of  carbon  monoxide  were  minimized  by  making  the 
exposures  dynamically,  that  is  the  system  was  continuously  pumped 
during  an  exposure.  Later  tests  on  the  (335)  face  indicated  that 
the  sticking  coefficient  for  carbon  monoxide  was  at  least  an  order 
of  magnitude  lower  than  that  of  oxygen. 

The  variation  of  the  work  function  with  oxygen  exposure  was 
determined  in  the  following  way.  The  decay  of  several  strong  spectral 
lines  was  monitored  as  a  function  of  the  exposure.  The  relative 
strength  of  these  lines  plotted  as  a  function  of  exposure  is  shown  in 
Fig.  5.  It  was  necessary  to  do  several  exposures,  monitoring  one  or 
two  lines  at  a  time,  to  plot  a  graph  such  as  Fig,  5.  There  was  consider¬ 
able  variation  in  the  amount  of  exposure  needed  to  produce  the  decay 
curve  characteristic  of  a  particular  line;  however,  the  shape  of  the 
decay  curve  characteristic  of  that  line  and  its  position  with  respect 
to  the  other  lines  was  always  the  same.  This  variation  is  no  doubt 
due  to  the  errors  encountered  in  measuring  the  oxygen  pressure  with 
an  ionization  gauge.  The  curves  of  Fig,  ^  were  drawn  after  many 
exposures.  Exposures  on  the  other  planes  produced-  curves  identical 
to  those  shown  in  Fig.  5  within  the  limits  of  the  error  in  measuring 
the  oxygen  pressure,  lowing  the  relative  beam  strengths  at  the 
various  exposures  plots  of  log(l/F2)  versus  hv/kT  could,  be  constructed, 
compared  T-rith  the  Fowler  curve  to  deterraine  the  work  function,  and  the 
work  function  then  plotted  as  a  function  of  the  exposure.  The  practical 
limitation  of  this  proced-ure  is  that  as  the  work  function  increases  the 
longer  wavelength  lines  go  out  and  there  are  fewer  points  for  the  log 
(I/t2)  versus  hu/kT  curves.  These  curves  constructed  fran  the  decay 
curves  fit  the  Fowler  curve  quite  Tvell  considering  that  at  an  exposure 
of  5  X  10-S  mm  Hg  min  there  are  only  three  points  with  which  to  draw 
the  curve.  In  Fig,  6  the  work  function  is  plotted  as  a  function  of 
the  oxygen  exposure  for  all  three  planes. 
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The  sticking  coefficient  was  calculated  assuming  that  an  ex¬ 
posure  of  10“7  mm  Hg  min  amounts  to  a  monolayer  of  coverage.  This 
value  was  seclected  because  the  two  lowest  wavelength  lines,  and  to 
a  lesser  extent  the  other  two  lines,  appear  to  be  heading  toward  this 
value  on  the  exposure  axis.  The  ratio  of  the  number  of  niobium  atoms 
per  cm^  available  as  adsor-ption  sites  uo  the  number  of  oxygen  molecules 
that  would  strike  a  cra'^  in  an  exposure  of  10"'^  mm  Hg  min  is  taken  as  the 
sticking  coefficient.  These  values  of  sticking  coefficient  are  not  nec¬ 
essarily  comparable  to  sticking  coefficents  measured  by  other  methods. 
The  ionization  gauge  not  only  is  inaccurate  as  a  pressure  measuring 
instrument  in  the  pressure  range  necessary  for  these  measurements  but 
is  an  active  element  in  the  system.  These  measurements  of  sticking  co¬ 
efficient  can  however  be  compared  to  the  work  on  silicon  and  germanium 
in  which  the  sticking  coefficents  were  measured  in  roughly  the  same 
manner.^-^^^- The  very  high  values  of  sticking  coefficient  foimd  here 
certainly  suggest  that  the  surface  must  have  been  quite  clean  to  start 
with.  The  fact  that  the  sticking  coefficient  for  CO  was  much  less  than 
that  for  oxygen  also  suggests  that  the  CO  generated  by  the  ionization 
gauge  filament  did  not  substantially  influence  the  oxygen  adsorption 
measurement. 

The  very  high  sticking  coefficient  for  oxygen  on  niobium  makes 
this  an  ideal  material  with  which  to  make  an  indirect  measurement  of 
the  partial  pressures  of  active  gases  residual  in  the  vacuum  system. 
After  preparing  a  clean  surface  the  decay  of  the  photocurrent  for  the 
various  lines  of  the  spectrum  is  monitored  over  a  period  of  several 
days.  The  decay  of  the  various  lines  is  plotted  as  a  function  of  time 
and  compared  with  curves  of  the  decay  of  these  same  lines  with  known 
oxygen  exposures.  The  pressure  that  would  make  these  curves  coincide 
is  taken  as  the  active  gas  partial  pressure.  Active  gas  partial 
pressures  estimated  in  this  way  were  in  the  10 "U  mm  Hg  range.  The 
fact  that  liberal  use  is  made  of  molybdenum  getters  which  are  known  to 
reduce  the  partial  pressure  of  oxygen  suggests  that  the  principal 
component  of  the  residual  gas  is  carbon  monoxide, 

U»  CScygen  Adsorption  on  Ion  Bombarded  Surfaces 


Oxygen  adsorption  on  ion  bombarded  surfaces  (not  annealed) 
resulted  in  xTOrk  function  increases  of  a  fex^  tenths  of  an  ev.  The 
sticking  coefficient  for  oxygen  xras  found  to  be  0.2.  As  was  foxmd 
on  the  clean  surfaces,  the  effect  of  oxygen  adsorption  was  to  reduce 
the  beams  in  the  same  manner  on  all  three  faces.  The  relative  strength 
of  the  various  lines  plotted  as  a  fxinction  of  exposure  is  shown  in 
Fig,  7.  On  the  ion  bombarded  surfaces  the  beams  all  decayed  at  about 
the  same  rate  whereas  on  the  clean  surfaces  the  longer  wavelength  lines 
decayed  at  higher  rates.  The  variation  of  the  work  function  with  oxygen 
adsorption  was  deteimiined  in  the  manner  previously  described.  The  work 
fxmction  as  a  fxuiction  of  oxygen  exposure  is  shown  in  Fig.  8, 
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5.  Effect  of  Ion  Bombardment  on  Work  Function 

The  work  function  of  ion  bombarded  but  not  annealed  surfaces 
was  found  to  depend  on  the  extent  of  the  bombardment  for  bombardments 
of  less  than  one  minute  carried  out  at  0.20  ma/cm2.  A  study  of  the 
effect  of  the  extent  of  bombardment  on  the  work  function  of  the  (33^) 
plane  of  niobium  indicated  that  for  a  very  short  bonbardment  of  20 
seconds  at  0.20  ma/cm^  the  work  function  was  about  U,,?  ev  (the  clean 
value  was  ev.).  The  variation  of  the  work  function  with  extent 
of  bombardment or  the  (33^)  face  is  shown  in  Fig.  9.  A  bonbardment 
of  100  ii.amp/cm'^  for  1  second  removes  about  1  atomic  layer.  These 
bombardments  were  all  carried  out  on  clean,  annealed  surfaces.  Short 
bombardments  (of  less  than  1  minute)  carried  out  on  (a)  surfaces  which 
had  previously  been  given  a  long  ion  bombardment,  (b)  clean,  annealed 
surfaces  or  (c)  clean  surfaces  that  have  been  subjected  to  a  very  short 
bombardment  always  give  work  function  values  higher  than  the  original 
ones.  Many  short  bombardments  one  after  the  other  do  not  result  in  a 
work  function  characterictic  of  the  long  ion  bombardment  even  though 
the  total  bombardment  may  amount  to  several  minutes.  A  bombardment 
carried  out  for  one  minute  is  not  equivalent  to  say  ten  bombardments 
each  carried  out  for  one -tenth  of  a  minute. 


6.  Ipn-boribardment  Etching 


In  FLgs.  10-12  are  shown  optical  photographs  of  the  surfaces 
of  the  (ill) ,  (no) ,  and  (335)  planes  after  chemical  preparation  and 
after  ion -bombardment  etching. 

The  "A*’  photographs  were  taken  after  the  chemical  preparation 
previously  described.  The  (ill)  surface  exhibits  a  number  of  the  ring¬ 
like  patterns.  Both  the  (110)  and  the  (335)  surfaces  exhibited  a  veiy 
grainy  appearance  after  chemical  preparation. 


The  "B”  photographs  were  taken  after  an  total  ion  bombardment 
for  500  minutes  at  0.20  ma/cm^  with  500  ev  argon  ions.  The  effect  of 
this  bombardment  was  to  produce  a  small  uumber  of  etch  pits  which  were 
circular  on  the  (ill)  face,  oval  on  the  (llO)  face  and  triangular  on 
the  (335)  face.  These  patterns  ape  similar  to  those  previously  ob¬ 
served  on  silicon  and  germanium,  ^  The  ring-like  patterns  observed  on 
the  (ill)  face  after  chemical  preparation  were  not  disturbed  by  the 
bombardment.  These  patterns  vjhich  have  been  observed  only  on  the  (ill) 
plane  are  much  too  large  to  be  explained  by  the  existence  of  screw-type 
dislocations.  They  seem  to  be  the  result  of  the  electrolytic  etching 
process,  and  further  work  is  in  progress  to  determine  their  exact  cause, 


IV.  Summary 

The  values  of  the  work  function  for  the  three  planes  of  niobium 
single  crystals  prepared  in  high  vacuum  by  the  ion  bombardment  cleaning 
process  are  in  the  order  (111),  (335) j  and  (llO),  High-temperature 
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heating  of  oxygen  cowered  surfaces  was  found  not  to  produce  clean 
surfacas,  and  it  i^as  necessary  to  use  the  ion  bombardment  and  anneal¬ 
ing  method  of  cleaning  to  produce  clean  surfaces.  The  work  function 
of  the  ion  bombarded  surfaces  of  all  of  the  planes  was  the  same. 

The  sticking  coefficient  for  oxygen  was  found  to  be  the  same 
for  clean  surfaces  of  all  three  planes.  On  the  ion  bombarded  surfaces 
(all  three  planes)  the  sticking  coefficient  was  of  a  lower  value  than 
on  the  clean  surface.  The  manner  of  oxygen  adsorption  on  the  clean 
surfaces  was  the  same  and  resulted  in  identical  increases  in  the  work 
function  for  each  crystalline  orientation.  The  manner  of  oxygen  ad¬ 
sorption  on  the  ion  bombarded  surfaces  was  also  independent  of  the  face 
and  resulted  in  an  increase  in,  the  work  fijnction. 

The  work  function  of  ion  bombarded  surfaces  was  also  shown  to 
be  dependent  on  the  extent  of  bombardment  for  very  short  bombardments 
and  that  generally  shorter  bombardments  resulted  in  higher  work 
functions.  This  effect  has  not  previously  been  reported.  The  increase 
in  work  function  for  short  bombardments  occurs  when  the  bombardments 
result  in  the  removal  of  less  than  100  atonic  layers. 

In  the  ion  bombardment  and  annealing  cleaning  technique,  the  ion 
bombardments  employed  result  in  the  removal  of  more  than  1000  atomic 
layers.  There  have  been  many  cases,  particularly  in  adsorption  studies 
with  microbalances,  where  surfaces  have  been  prepared  by  ion  bombardment 
alone.  In  some  of  these  experiments,  the  bombardment  resulted  in  the 
removal  of  between  10  and  100  atomic  layers. Surfaces  prepared  by 
these  very  short  bombardments  are  not  equivalent  to  those  prepared  using 
the  longer  bombardments,  and  the  present  work  shows  that  in  this  region 
the  surface  is  undergoing  a  rather  rapid  change  with  extent  of  bombardment. 
Thus,  the  xrork  done  on  surfaces  prepared  by  these  very  short  bombardments 
is  not  necessarily?-  comparable  ifjith  work  done  on  the  more  heavily  bombarded 
surfaces. 

A  possible  explanation  of  this  increase  in  work  function  with  very 
short  bombardments  is  that  the  surface  is  becoming  contaminated  with 
oxygen  or  other  active  gases  during  the  initial  stages  of  the  bombard¬ 
ment  and  that  this  contamination  is  remo-ved  only  when  the  bombardment 
has  reached  a  sufficiently  large  value.  This  argument  does  not  seem 
applicable,  however,  for  several  reasons.  First,  the  sticking  co¬ 
efficient  for  oxygen  on  jsurfaces  subjected  to  these  short  bombardments 
though  not  investigated  in  detail  was  found  to  be  somewhere  between  the 
values  for  the  ion  bombarded  and  the  clean  surfaces  (0,2  and  0.9  respect¬ 
ively).  This  high  value  of  sticking  coefficient  itself  is  indicative  of 
a  clean  surface.  Second,  the  photoelectric  yield  decreases  drastically 
with  Icnown  oxygen  adsorption  as  shown  in  Figs.  5  and  7.  The  yield  was 
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generally  lower  for  the  lightly  bombarded  surfaces  but  the  effect 
was.  no  where  near  as  pronounced  as  for  the  case  of  known  oxygen 
adsorption.  Third,  a  bombardment  of  10  thousand  microampere- 
sec  onds/cm^  amounts  to  aropid  ioi8  ions  and  to  obtain  a  monolayer 
of  contimination  one  in  10^  atoms  would  have  to  be  an  active  impurity. 
The  purity  of  the  argon  is  better  than  one  part  of  10^  even  before 
it  is  passed  through  the  active  getter.  Fourth,  attempts  to  contaminate 
surfaces  (either  ion  bombarded  or  clean  surfaces)  by  exposing  them  to 
argon  for  exposures  of  10“^  mm  Hg  min  resulted  in  no  work  function 
increases.  This  indicated  that  the  amount  of  active  gases  in  the 
argon  is  negligibly  small.  For  these  four  reasons,  it  does  not  seem 
that  the  observation  can  be  explained  on  the  basis  of  inadvertent 
contamination  of  the  san^le  during  bombardment. 

One  of  the  original  theories  of  the  sputtering  process  was  that 
the  impinging  ions  produced  sufficient  local  heating  to  remove  surface 
atoms  by  evaporation.  This  theory  has  since  been  disproved,  primarily 
by  the  observation  that  the  atoms  are  ejected  in  preferential  directions. 
The  fact  that  the  ion  bombardment  process  does  not  ap^jear  to  reach  some 
type  of  equilibriimi  condition  until  the  removal  of  about  100  atomic 
layers  suggests  that  the  effect  of  the  first  few  ions  is  quite  different 
from  that  produced  after  equilibrium  has  been  reached.  This  pseudo 
equilibrium  may  be  the  result  of  a  temperature  gradient  in  the  sample 
which  is  produced  by  some  of  the  energy  of  the  ions  going  into  thermal 
vibrations  of  the  atoms,  particularly  those  near  the  surface.  It  may 
be  that  thermal  equilibrium  is  reached  only  after  the  bombardment  has 
continued  for  some  time. 

This  observation  that  at  least  one  physical  property,  nanely,  the 
work  function,  depends  on  the  extent  of  ion  bombardment  should  lead  to 
further  work  to  deteraiine  the  effect  of  the  extent  of  bombardment  on 
other  physical  properties  and  to  a  study  of  the  types  of  defects  in¬ 
troduced  by  the  bombardment  process. 

It  must  be  kept  in  mind  that  this  work  concerning  the  dependence 
of  work  function  on  the  extent  of  ion  bombardment  was  carried  out  on 
a  high  index  plane.  The  effect  may  be  different  on  a  less  con^jlex 
plane  and  similar  studies  must  be  undertaken  on  low  index  planes. 
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FIGURE  CAPTIONS 


Fig,  1,  Schematic  diagram  of  the  vacuum  system. 

Fig.  2,  Schematic  diagram  of  the  photoelectric  system. 

Fig,  3.  Crystal  mounting  arrangement. 

Fig,  1;,  A  typical  plot  of  the  photoelectric  data  (logCl/T^) 

versus  hu/kT)  fitted  to  the  Fowler  curve  (F(y)  versus 

y)* 

Fig,  5.  Relative  photocurrent  of  several  spectral  lines  as  a 
function  of  oxygen  exposure  on  clean  surfaces. 

Fig,  6,  Variation  of  the  work  function  with  oxygen  exposure 
on  clean  surfaces. 


Fig.  7.  Relative  photocurrent  of  several  spectral  lines  as  a 

function  of  oxygen  exposure  on  ion  bombarded  surfaces. 

Fig,  8,  Variation  of  the  ^rork  function  with  oxygen  exposure  on 
ion  bombarded  surfaces. 


Fig,  9.  Variation  of  the  work  function  xd-th  the  extent  of 
bombardment  for  the  (335)  surface.  The  energy  of 
the  ions  was  500  ev  and  the  current  density  0,20 
ma/cm^.  The  work  function  of  the  clean  surface 
was  )4.55  ev  and  for  the  heavily  bombarded  surface 
U.09  ev. 


Fig,  10,  The  (111)  surface:  A,  after  chemical  preparation!  B, 
after  ion  bombardment  for  500  minutes  at  0.20  ma/cm^'. 
Scale  length  50  microns. 


Fig,  11.  The  (llO)  surface:  A,  after  chemical  preparation;  B, 
after  ion  bombardment  for  500  minutes  at  0.20  ma/cm^. 
Scale  length  5o  microns. 


Fig,  12,  .The  (335)  surface:  A,  after  chemical  preparation;  B, 
after  ion  bombardment  for  500  minutes  at  0.20  ma/cm^, 
Scale  length  50  microns. 
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